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Abstract: In spite of detection intensity constraints neeessary 1o avoid power broadening, the
aptical abgorption speetrum of single moleenles of pentacene in peterphenyl ervstals cin be
measared by (1) using laser M speetraseopy combined with Stk andzor uluasonie double
modulation (to remove residual amplitude modulation) and (2) recording speetra far out in
the wings of the inhomogencous ling to reduce the number of moleeules in resonince to one.
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ULTRASENSITIVE LASER SPECTROSCOPY IN SOLIDS: SINGLE-MOLECULE
DETECTION

W. E. MOERNER, L. KADOR', and W. P, AMBROSE
IBM Research Division, Almaden Research Center, San Jose, CA USA

Abstract In spite of deteclion intensily constraints necessary to avoid power
broadening, the optical absorption spectrum of single molecules of pentacene
in p-terpheny! crystals can be measured by (1) using laser FM spectroscopy
combined with Stark and/or ultrasonic double modulation (lo remove residual
amplilude modulation) and (2) recording spectra far out in the wings of the

inkomogeneous line to reduce the number of molecules in resonance o one.

INTRODUCTION
Recent progress in the optical detection and speciroscopy of single ions in vac-

uum confined in electromagnetic {raps has led to novel measurements that test
our understanding of quantum physics. For example, various workers have
achieved direct measurement of quantum jumps, Doppler sidebands, and other
fundamental phenomena such as lon crystallization 1'2. By using lascr-induded
fluorescence and a novel hydrodynamically-focused flow lo confine the molecules
and reduce the scallering volume, single molecules of the protein B-phycoerythrin
with the equivalen! oi 25 rhodamine 6G chromophora= have also been
delecteds.

The detection and spectrascopy of a single absorbar in a solid (called n the
case of a malecular absorber single-molacule detection, or SMD) would provide
a useful tool for the study of local host-absorber interactions where the absorbing
cealer is essentially at rest, confined by the host laltice, and where the normal
averaging over many "ecquivalent” centers is removed, Generally, absorbing guest
centers in solids with zere-phonon transitions form inhomogencously broadened

lines, 4

where the overall line profile is caused by a (usually Gaussian) distrib-
ution of center frequencies for the individual absorbers that is broader than lhe
(usually Lerentzian) homogeneous lineshape of the individual absorbers (See
Figure 1, left side). The distribution of center frequencies is caused by dislo-
calions, point defects, or random infernal eleclric and strain fields and ficld gra-

dients in the host malerial. Sirong inhomogeneous broademng generally requires
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FIGURE 1 Schemalic showing an inhomogencous line at low temperalures
and the principle of single-molecule detection in solids. The lower part of
the figure shows how the number of impurily molecules in resonance in the
probed volume can be varied by changing the laser wavelength. The laser
linewidth (=2 3 MHz) is negligible.

low temperatures, because the homogencous zero-phonon lines hecome much
narrower than the inhomogeneous distribution only when the host phonons are
quenched. In such lines, the centers within a homogeneous width of a given
frequency are located at that particular spectral position for a variely of possible
reasons in general. This intrinsic multi-dimensional inhomogeneity cannot be
removed with spectral hole-burning or coheront transient lechniques. However,
with SMD the absorption spectrum of an indgividual absorber can become directly
accessible, as long as no other centers are presant at the same f{requency. This
is a primary reason lo pursue the spectrascopy of individual centers in condensed
malter. For convenience in our case, one absorber will be selected lor spec-
troscopy by proceeding out into the wings of the inhomogeneous line as shown
on the right side of Fig. 1.5 Since the center frequencies for these absorbers

are displaced very far from the most common center frequencies near the cenler
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of the inhomogeneous line, such absorbers have highly unique and improbable
strained siles.

Comparad to the other single-absorber oxperiments, SMD in solids provides
a different sot of experimontal chalienges. The problom can be likenoed to finding
a needle in a baystack, because unlike the fon-trap experiments, for example, the
molecule of interest is hidden within a solid containing a large number ( =
10'2 — 10'*) cf “non-absorbing”, potentially interfering host molecules within the
laser focal volume, If laser-induced fluorescence excitation were used for SMD
and the host molecules had appreciable Raman (or Rayleigh) scallering cross
sections, the signal from the one absorbing molecule could be swamped by the
scaltering signal from the host. Unlike the hydrodynamic focusing experiments,
it is not always possible to reduce the host scaltering volume. Furthermore, it
would be intriguing to measure the absorption spectrum of a single absorber in-
stead of simply delecling its presence in a digital fashion at a fi.cd laser wave-
length.

Rather than utilizing fluorescence excitation mathods, where the chief ex-
perimental problem is the reduction of interfering scattering signals, we have
chosen an alternative route to SMD, namely, laser FM spectroscopy 6 with double
modulation. This paper describes the past efforts toward achieving SMD, and
summarizes the recent single-molecule specira we have obtained in solids using
FM-Stark and FM-ultrasound double-modulation techniques 7.8 for the model
system composed of pentacene substilutional impurities in p-terphenyl crystals
atl 1.5K. The pentacene molecules can substitute for any one of the four
p-terphenyl molecules in the low-temperature unit cellg. giving rise to four
S) «= Sy 0-0 optical absorption origins near 593 nm. named O,, O, O3, and U,
We focus on the origins O, and O, because the homogeneous linewidths are
smaller here than for the other origins.

PROGRESS TOWARD_SMD: STATISTICAL FINE STRUCTURE

Due tc the randomness associaled with the imperfections in solid hosts, inho-

mogencous absorption lines (at least near their centers) arn often approximated
by smoolh, Gaussian profilesd. Howeavaer, since the inhomogeneous line on a

microscopic scale is simply a superposition of discrete homogencous lines with
widths as much as 1000 limes narrower than the overall inhomogencous profile,
the true shape of the inhomogencous line canne! be a smooli function in reality.

In fact, unavoidable number flucluations in the densily of absorbers per unit

wavelength interval should give rise lo a “speciral noise” an the overall Gaussian
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background that scales as the square root of the mcui number of centers in re-
sonance. To be precise, defining the average number of centers in the probed
volume within one homogeneous width of the laser wavelength as Ny, there
should be a statistical fine structure (SFS) present on the absorption profile
scaling in absolule magnitude as \[ﬁ—“— (in the limit of Ny> > 1). Since SFS
arises from the absorption of many overlapping impurity absorptions, the absolute
magnitude of the SFS Is clearly larger than a single-molecule absorption signal
(where Ny=1). Therefore, observations of SFS would be expected to precede true
single-molecule delection,

Recent observations of SFS in the pentacene in p-lerphenyl system provided
a crucial first step toward single-molecule detection and spectroscopy‘o. This
was achieved using the high-resolution and high-sensitivity technique of laser
frequoncy-modulation spuectroscopy (FMS) 6 to probe the optical absorption in 2
zero-background manner sensitive only to narrow speciral features. This de-
lection method will be described in more detail in the next section.

SFS Signa! (V)

FIGURE 2 SFS structure versus laser spol posilion aind laser frequency near
the inhomogeneous line center for pentacene in p-lerphenyl. A sequence
of 100 specira were obtained, moving the 20pm iaser spol by 2um alter each
spectrum, and the results plolted as a conlour plol of the SFS signal to show
the SFS "landscape”.
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Since its source is a random process, the SFS spectral structure changes
for different probe volumes, snd an "SFS landscape” of the inhomogencous line
can bo qgenerated by acquiring SFS spoctra as a function of laser spot position,
as in Figure 2. The bumps and vallnys in this figure may be regarded as the
"fuzz” on the top of the “haystack” represented by the pentacene inhomogencous
line that resulls from the statistics of independent, additive random varlables.
We note in passing that a crucial physical parameter may be derived directly from
SFS measurements: by computing the autocorrelation of the measured
speclraw. the homoganeous width of the underlying Lorentzian profiles miay be
determined.

Subsequent 1o the first observations of SkS, other researchers moved closer
lo single-absorber detection in solids by observing SFS at increasingly lower
impurily concentrations. Lange ot al. 1 relied upon fluorescence excitation of
Sm?! jons in CaF, at 77K with a fixed [requency laser in tightly focused spots.
These rescarchers saw Poisson fluctuations in the detected fluorescence as a
function of the position of the focal spol and concluded that they had reached the
leval Ny = 5. Another novel approach, developed by the Yan group at the Uni-
versily of Georgia'z. used laser fluorescence excitation in a glass fiber doped 3
with Nd?' ions. Here the fiber geomelry cffectively maintains a small focus and
a small probing volume in order to reduce background signals from the host.
The measured SFS led these researchers to conclude that they had reached Ny
values on the order of a 1ew tens of ions. In both cases. special detection go-
omelrics were necessary lo avold host background fluorescence.

EXPERIMENTAL_APPROACH TO SMD
Our approach to SMD for pentacene in p-terphenyl avoids the problem of

fluorescence background by using a powerlul absorption technique, lasor FM
spectroscopy (FMS)G. The basic operation of FMS s illusirated in the upper part
of Figure 3. A tunable single-frequency ew Rhodamine 6G laser beam at o, is
passed through an electro-optic phase modulator EQ to produce light that is fre-
quency-modulated at a rl frequency o, in the MHz range. This FM light beam
has the spectrum shown in the upper cenler of the figure: a carrier at the original
frequency, plus two sidebands displaced by = a,, from the carrier. ¥ this FM ligit
beam were sent directly to a high-speed photodiode delocior (which measuros
the envelope of the power absorbed), no photocurrent at m,, would be detected.
In other words, an FM light beam has no amplitude modulation (AM). In the

frequency domain, this lack of AM can be understood by noting that one of the
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two sidebands is in phase and the other out of phase with respect to the carrier.
Therefore, the beat signals caused by each sideband interfering with the carrier
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FIGURE 3 3chemalic showing the principle of FM spectroscopy with Stark

secondary modulation, The upper part of the figure shows the dye laser (DL)

spectrum bhefore the electro-optic phase modulator (EO), after the EO, and
after the samplz in the cryostat C. Legend: rf - rf oscillator at m,,, APD -
avalanche photodiode detector, M - double-balanced mixer, HV - high voltage

source, LIA - lock-in amplifier, DS - digital storage and averaging oscillo-

scope.

Now when a spectral feature is present that disturbs the balance hetween

the two sidebands, a rf pholocurrent appears that is proportional to the differance

in optical absorpticn at the upper and lower sidebands. This photocurrent al m,,

may be detected (phase-sensitively) by a rf lock-in composed of a mixer M driven

with a local oscillator derived from the original rf source. Thus, the low frequency
or baseband signal at the | port of the mixer is the standard FMS signal, with the

following properties13

. (1) it appears on a background that is derived from the

laser ncise al o, which may be at the quantum limit il no excess noise is in-
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troduced by the detector, (2) the size of the signal is largest when the spectral
feature is narrower in width than m, and (3) for wide speciral features the FMS
signal is proportional to the derivative of the feature with an amplitude ap-
proaching zero for increasing width of the feature. Point (1) is rasponsible for the
quantum-limited performance of FM speclroscopy that has been achicved with
simple (non-avalanche) photodiodes“. Points (2) and (3) ara particularly impor-
tant for SMD, because any undesired optical absorption from other impurities or
from the p-terphenyl host that is broad compared to my, is not detected with ap-
preciablo amplitude. With our values of (/2% = vy, = 50 ~ 90 MHz, only rigid
molecules like pentacene with homogencous widths less than = 100 MHz will be
detected.

There is one background signal from FMS that must be avoided. Since the
method directly senses the conversion of FM into AM, any residual AM (also
called RAM) from imperfections in the modulator can give rise to a spurious
background signal. To overcome this, we utilized a secondary modulation of the
spectral feature itself. Figure 3 shows the case where the secondary modulation
is produced by an electric field oscillating at a low frequency in the Kilobertz
range. The electric field shifts the absorption profile twice aach cycle via the
quadratic Stark effect. Then the output of the mixer, processed by a final lock-in
amplifier LIA at 21, yields a detected signal that is free from RAM background li-
mitations. In addition to this FM/Stark technique, we also separately utilized 72
different secondary modulation lo achieve SMD, uilrasonic (stress) modulation,
which operates in a similar fashion by shifting the homogennous line in a periodic
fashion. Il is clear that other local perturbations of tha impurily molecule might
also be used for double-modulation detection,

The size of thue expected absorption signal from a single molecule is
straightforward to eslimatc7. The change in absorbance, {As)L. is given by the
probability of absorplion of a photon in the incident heam by the moleculr, afA,
where a is the peak absorption cross seclion and A is the area of the laser beam,
Clearly, thon, one would prefer tightly focused laser spols and molecules with
strong absorplions. In our experiment, the focal spol was ~ 3 pni in diameter,
and the peak (low-temperature) absorption cross section for pentacence s
9.3 x 10 ¥cm?, yielding an absorbance change of ~ 10 % This is not an extremely
small signal excepl that detection must be performed with a light intensity that
does not praduce extreme power broadening. To meet this constraint in a tightly
focused spot, we performed measurements with only 0.1 4W of light at the de-

lector. Even at this lovel we chose to accept some amount of power broadening.
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Such a low light level requires an avalanche photodiode to avoid detector John-
son noise. However, avalanche photodiodes have an excoss multiplicative noise
which requires operaiion somewhat above the quaatum limit,

RESULTS: FM/STARK TECHNIQUE

In spite of those limitations, the FM/Stark and FM/US methods can be used to
detect the oplical absorption of a single molccule of pentacane in a solid crystal
of p-terphenyl. Figure 4 shows examples of the spectra for the FM/Stark case.

E L
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0 200 400 600
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FIGURE 4 Single-molecule spectra using FM/Stark (achnique (quadratic
Stark effect) (a) Simulation of absorption line, (b) Simulation of FM speatrum
for (3), v = 75 MHz. {c) Simulation of FM/Stark double-imodulation linashape.
(d) SMD spectra at 592.423 am, 512 averages. 8 traces averlaid, bar shows
value of 2v, = 150 MHz. (O, line center is at 592.326 nm ) (r) Average of
traces in (d) with {it to the in-focus molecule (smooth curvel. (f) Signal vory
(ar off line at £97.514 nm, same rondilions, ({g) Tracew 6f SFS at the O, line
center, 592.186 nm, 128 averages each,

The first three traces show simulations to explain the expected single-molecule
lineshape for either Stark or ultrasonic double modulation. Trace 4(a) shows a
Lorentzian absorption profile of width y, and trace 4(h) shows the expecled simple

FM signalwz two copies of the absorption line with opposile sign, spaced by
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2va = 150 MHz (in the limit ¥ < < va). With secondary modulation that causes
frequency shifis lass than the linewidth, the rasulting double-modulation lineshaope
is the derivative of the simple FM lincshape (irace 4(c)). Thus the signature of
2 single molecule is # "W -shaped festure with a large negative slope and a large
positive slope separated by 2v..

In a typical experiment, the laser (requancy was sel near the center of the
inhomogeneous line, and the resulting strong SFS signal was used to oplimize
the optical and eleciranic configuration. Then as the laser wavelength was moved
oul into the wings of the line, the SFS amplitude dropped uniformly. Eventually
specira that appear to be superpositions of 2-5 single-mo'acule spacira like irace
4(c) were ohserved. Finally, sufficiently far oul into the wings of the line, true
single-molecule specira could be recorded. Trace 4(d) shows a sel of eight
FM/Siark double madulstion specira of a strony in-forus molecule far out in the
long-wavelength edge of O,. along with sever:! yuavoidable weak repaatable
festures from out-of-focus molecules at the luft aind right edgos of the laser scan
range. These out-of-focus features ware causesd by molecules not located at the
laser waist position (sce Fig. 1) and may be st ressed in fulure experiments
with thinner samples. The fiducial bar marks 1 zpeciral range cqual to 2v.,. Trace
4(e) shows the average of the eight scans in 4(d), along with a (it to the caniral
festure generaied by a simple model for ‘ho doable-moduiation proccsse. The fit
to the essontial features of the SMD lineshape is roasonable, and the homoge-
neous width required by the fiting process is somewhat larger than the low-
power homogenaous width, as expecled.

Trace A(f) shows the delecled signal from a lasor wavelength so far away
from the pentacena site origing that no molecules are expaected 1o lie in the g
scan ranga: this is the background shot and avalanche maise. In samples of 14
dJoped pure p-lerphotyl, only a baseline noise lovel similar to the off-lno doin i,
Fig. 4{l) was observed, oven near the conter of the inhomogenaous line. Trace
Alg) shows spectra of the sitong SFS shsaonad near the conter uf the inhonio-
gensaus line psing o goalier aumber of avorsges, This spoectrum is composod
of 3 suporpesitlon of many “W” pratilng ke Piguee A(d) with maay difforent contor
frequenciag illastiating the cualitative diference ntwocn spoctra of large num-
bors of solocules (Fig, 403} and specica of une molneul (Fig. A(d)).

Using the reludod TMIUS Inchnugua, 7B when the modulating requency vy
Is varied, the zinglo-molocule bnushepes tan he observed 1o expand and contract
as roquirast o maintain 2 proper spacing hetween the inner adges of the "W*,

Such ciear varialion® in ihe rororddad spectrum cannot be abserved when many
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molecules are present in the laser scan. This, in conjunction with the shcpe of
the observed features, the position relative to the pentacene in p-terphenyl ori-
gins, the lack of such signals in undoped samples, and the appcarance of sin-
gle-molecule specira with both the FM/Stark and FM/US techniques, leads us to
the conclusion that the recorded specira are due to single molecules of
pentacene.

DISCUSSION

One experimental shortcoming of zero-background techniques is the difficulty in
sbsolute calibration of the observed signals. We attempted to carefully do this
by using a FM signal of known amplitude, but the amount by which the absorption
lines were shifted by the secondary modulation could only be estimated. In spite
of these limitations, the size of the singie-molecule signals appears lo be some-
what larger than expected given our level of power broadening. This intriguing
observation (which needs !0 be confirmed in future experiments) suggests that
pentacene molecules in the highly strained, improbable sites far out in the wings
of the inhomogeneous line may have reduced intersystem crossing rates.

The attainment of single-molecule detection and speciroscopy in solids
opens up a new [ronlier of single-absorber experiments in which the measured
properties of the absorbing center are not averaged over many "equivaient” ab-
sorhers. Here the absorbing enlily is exquisitely sensitive o the symmetry and
perturbations introduced by the local environment such as the local vibrational
modes and the true local fields. While as a general technique the method pre-
sented here is not applicable to all molecular ® apurities, it can be applied to the
large number of absorbing ions and mclecules in solids that have zevo-phonon
transitions. The detectabilily of the resulling single-cenier signal. which ultimately
depends upon the absorplion strength and upon quantum noise limits, must be
evaluated in cach case. For situatior ; in which the molecular linewidth is large,

15, 16

recent important advances in two-tec 2 FV spectroscopy make FMS prac-

lical with very large sideband spi.ings.
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